growth or maintenance ( Gaston, 2003 ; Sexton et al., 2009 ) . Oft en, the center of a species' range is expected to have the most optimal conditions for a species, since the underlying environmental gradients approach extremes or exhibit greater temporal variance at the range edges ( Brown et al., 1996 ) . Th is spatial pattern in environmental conditions may result in higher fi tness of individuals near the center of the range relative to those near the edge. Additionally, optimality could be refl ected by a greater density of suitable patches or by greater carrying capacity for populations. Th ese potential patterns lead to the expectation of an "abundant center" distribution, in which the center of the range has the highest density, while the margins of a species' distribution are predicted to have a sparser distribution of populations ( Brown et al., 1996 ) and smaller population sizes ( Kirkpatrick and Barton, 1997 ; Holt and Keitt, 2000 ) .
Environmental gradients may represent gradients in mate limitation because of their potential eff ects on the density of reproductive individuals, either in time or in space. In addition to reducing the availability of mates, low local abundance can limit mating opportunities if it leads to reduced pollinator services because of the low density of fl oral rewards. In some species, Allee eff ects have been documented, where low local abundance or density may prevent populations from maintaining or attracting pollinators ( Groom, 1998 ; Knight, 2003 ; Moeller and Geber, 2005 ) . Such Allee effects have been shown to reinforce range limits in theoretical models ( Keitt et al., 2001 ) . Environmental extremes may also impose selection on mating system via their direct effects on individuals; for example, they may reduce resources available for allocation to pollinator attraction ( Jorgensen and Arathi, 2013 ) . All of these mechanisms of mate limitation may give a fi tness advantage to individuals that can produce off spring autonomously and may select for traits that promote self-pollination at range limits.
Despite the appealing simplicity and theoretical support for the abundant center hypothesis, the frequency and scale at which this pattern occurs in nature is unclear, and it is equivocally supported by empirical studies ( Sagarin and Gaines, 2002 ). An exciting forefront for studies of both range limits and geographic variation in mating systems is to consider how deviations from simple abundant-center patterns aff ect predictions for phenotypic evolution. One mechanism that might lead to distributions that do not fi t the abundant-center pattern is the decoupling of space (range position) from environmental variables that infl uence fi tness and abundance. Environmental gradients underlying species ranges may not be smooth due to topography, vegetation structure, and numerous other landscape features. Th us, when investigating range-wide patterns, one cannot assume that spatial position and environmental suitability are correlated ( Sagarin et al., 2006 ; Dixon et al., 2013 ) . Another important consideration is that not all edges are structured by the same limiting variables. For example, the environmental variables that infl uence abundance and fi tness might diff er for northern vs. southern edges. Recent studies ( Lira-Noriega and Manthey, 2014 ; Wang and Bradburd, 2014 ) have advocated a new focus on geographic variation in variables for which range position has oft en been used as a proxy. Rather than relying on range position alone as a predictor, studies should examine spatial changes in the mean and temporal variance of critical environmental variables that infl uence fi tness and the spatial distribution of abundance.
In this study, we investigated the relationship between climate, climatic variability, spatial isolation, and potential for self-pollination across the geographic range of a mixed-mating annual, Clarkia pulchella. First, we examined which climatic variables (including deviations from average climatic conditions) drive variation in reproductive output ( Fig. 1A ) . Second, we identifi ed which climatic variables best predict two fl oral traits, petal size and herkogamy, which we use as indicators of propensity for self-pollination ( Fig. 1B ) . We focused on precipitation and temperature variables that are likely to infl uence reproduction via direct eff ects on plant growth and indirect effects due to length of growing season. Th ough our study focused on reproductive characters, we examined climate during germination and vegetative growth periods because this is likely to aff ect plant size and thus reproduction. Th ird, we examined whether spatially isolated populations tend to have fl oral trait values consistent with a greater propensity for self-pollination ( Fig. 1C ) . Next, we examined how drivers of reproductive output and fl oral traits vary spatially across the range ( Fig. 1D, E ) . Finally, we examined whether reproductive output or fl oral traits are correlated with distance from the center of the range, ignoring intermediate climatic predictors ( Fig. 1F, G ) .
MATERIALS AND METHODS
Study system-Clarkia pulchella Pursh (Onagraceae) is a winter annual that grows east of the Cascade Mountains in southern British Columbia, Canada, and in Washington, Oregon, Idaho, and Montana in the United States ( Fig. 2 ) . Th is species grows on dry, rocky slopes in forest gaps. It is self-compatible; however, as in other members of the genus, temporal and spatial separation of male and female functions promote outcrossing ( Lewis, 1953 ) . Flowers are pink and four-petaled and are primarily pollinated by solitary bees ( Palladini and Maron, 2013 ) . Th e seeds of C. pulchella exhibit very little dormancy and have no specific dispersal mechanism ( Newman and Pilson, 1997 ) . Germination occurs in fall, most fl owering occurs in June and July, and by August most plants have dried out and fruits are mature and dehiscing. Lewis (1953) noted that populations of FIGURE 1 Conceptual map of analytical framework for assessing the effects of climate, isolation, and range position on fl oral traits and reproductive output of Clarkia pulchella . Each arrow represents a tested relationship between range position, climate, isolation, and plant characteristics. For details of analyses, see methods.
species in the genus Clarkia seem to be more temporally stable than other annual wildfl owers.
Specimen selection and measurements-Herbarium specimens were selected for measurements based on the availability of high-resolution images and the precision of associated locality data. Additionally, at least one fl ower on the specimen sheet had to meet the criteria described below. Images of 308 herbarium specimens were downloaded from the Consortium of Pacific Northwest Herbaria website (www.pnwherbaria.org). An additional 15 specimens were photographed at the University of British Columbia herbarium. When multiple specimens were associated with the same location in the same year, we used just one, chosen haphazardly. Records with coordinates provided were checked in Google Earth and assigned an error distance based on the specifi city of the coordinates relative to the collector's description. Error distances were assigned by estimating the radius of the area that a specimen could have been collected in, given the specifi city of the description. When the coordinates provided with a record did not match the locality description, they were edited manually, given an informative enough description. For example, a town name was not considered adequate to assign a precise locality, but a distance and direction from a distinct landmark was typically adequate. Records without any coordinates provided, but with adequate descriptions were also georeferenced and assigned error distances. We then excluded all records with an error distance greater than 1 km. In all, we obtained 120 specimens with adequate locality data and specimen quality: 105 from the consortium and 15 from the UBC herbarium (voucher information is in Appendix S1 in Supplemental Data with the online version of this article). Th ese specimens cover the range of C. pulchella ( Fig. 2 ) and were collected between 1897 and 2013.
On each herbarium sheet, one fl ower was haphazardly selected from among those in good condition (petals, stigma, and at least one anther intact, visible, and well pressed). Additionally, the stigma had to be open and the anthers dehiscent. The amount of spatial separation between the stigma and anthers, or herkogamy, is positively correlated with outcrossing rates in many taxa ( Karron et al., 1997 ; Takebayashi and Delph, 2000 ; Herlihy and Eckert, 2007 ; Luo and Widmer, 2013 ) , including Clarkia spp. ( Lewis, 1953 ; Holtsford and Ellstrand, 1992 ; Moeller, 2006 ) , and a pilot pollinator-exclusion study performed in the greenhouse found a signifi cant relationship between low herkogamy and autonomous seed set in C. pulchella (M. Bontrager, unpublished data). In many species, herkogamy is a continuously varying, heritable trait, and low herkogamy contributes to a plants' ability to self-pollinate autonomously, as well as to the probability that a pollinator will facilitate transfer of self-pollen ( Carr and Fenster, 1994 ) . Th e anthers of C. pulchella curl as they dehisce, so we measured the stamen in two ways: we measured the path length and also the height of the stamen from the base of the filament to the farthest point of the anther (this was not typically the anther tip, but rather the most distant point on the curled anther, as diagrammed in Appendix S2 in online Supplemental Data). Style length was measured from the base of the style to the center of the stigma lobes. We calculated herkogamy as the diff erence between the path length of the stamen and length of the style. We chose to use the path length of the stamen rather than the height of the stamen because stamen height changes with fl oral age as the anther curls. Path length can be compared among fl owers of diff erent ages; therefore, it is a more useful representation of herkogamy for this study. Realized herkogamy is likely slightly greater than estimated here, since the anther dehisces once it has begun to curl back toward the fi lament. We used the ratio of the two stamen measurements as an indicator of fl ower age. We used our fl oral-age metric to ensure that herkogamy did not change with age of the fl ower across the specimens we measured ( R 2 = 0.014, P = 0.196). Selfpollination is oft en associated with a reduction in overall fl ower size Filled circles represent herbarium specimens measured for analyses of mating system traits or reproductive output. Open circles represent additional localities used to build a species distribution model (SDM). Background shading shows predictions of the species distribution model, where darker shades indicate higher suitability. ( Goodwillie et al., 2010 ; Button et al., 2012 ; Dart et al., 2012 ) . Th erefore, we also measured petal characteristics: the length of one petal as well as its width, measured as the distance between the tips of the two lateral lobes of the petal. Petal length and petal width are correlated (Pearson correlation coeffi cient = 0.81), so we use petal length only as a proxy for fl ower size in our analyses. To ensure that pressing did not dramatically alter fl oral measurements of C. pulchella , we measured herkogamy and petal length on fresh greenhouse-grown fl owers, then measured them again after several weeks in a plant press. For both traits, correlations between fresh and pressed measurements were 0.88 (Pearson correlation coeffi cient).
We counted all buds, fl owers, and fruits on each plant and summed them to obtain a metric of reproductive output. Although the fruits vary in the number of seeds set and herbarium specimens may not represent the exact reproductive output of these plants (i.e., not all buds may develop into fruits, or plants may have been collected before developing their full count of reproductive structures), this metric is a coarse proxy for reproduction, which is likely an important fi tness component in these annual plants. Because these plants are small and oft en multiple specimens of various sizes were pressed on a single sheet, there should be little bias introduced from collectors preferring plants that fi t in their presses. On 115 specimens, the roots were collected with the plant, so total counts were obtained. On the remaining fi ve specimens, we could not confi rm that the entire plant was collected so we measured fl oral traits only. All measurements were made to the nearest 0.1 mm using the segmented line tool in ImageJ ( Rasband, 1997 ( Rasband, -2014 .
Estimating geographic isolation-To estimate each specimen's potential geographic isolation from other populations on the landscape, we used a distribution modeling approach to project habitat suitability across the landscape and then estimated average suitability within 1, 5, and 10 km radii of each specimen occurrence. Although it would be ideal to determine the relevant radius for isolation based on known distances for pollinator movement and seed dispersal, in the absence of such information for our study species we used a range of areas. Th is proxy for spatial isolation assumes that specimens surrounded by habitat of higher average suitability are less likely to be isolated from other populations than specimens surrounded by habitat of lower average suitability. Th is assumption is likely to be most valid if occupancy of suitable areas across the range is even and temporal changes in suitability are low. We used MaxEnt ( Phillips et al., 2004 ( Phillips et al., , 2006 ) to build a model of habitat suitability across the species' range. MaxEnt modeling and associated spatial analyses were performed in R ( R Core Team, 2013 ) using the packages dismo ( Hijmans, 2014 ) , raster , rgdal , rgeos ( Bivand and Rundel, 2014 ) , and sp ( Pebesma et al., 2014 ) . All occurrence records available with and without coordinates were downloaded from the Consortium of Pacifi c Northwest Herbaria in September of 2014. Th is resulted in 815 records (including those of specimens on which we measured plant characteristics). Additional localities were added from specimens at the University of British Columbia herbarium that had not been added to the consortium database (eight records). Th e geographic coordinates of each occurrence record were checked as described above, and manually georeferenced as needed. Additional occurrences were added from fi eld surveys (50 records). Aft er removing duplicate records (those that fell in the same 0.0083 by 0.0083 degree grid cell) and records with inadequate locality information, we had 310 records with locality error distances of 1 km or less. An additional 31 localities were spatial duplicates, but collected in unique years; these were used in later analyses but were not used to build the distribution model. Our fi nal set of localities covers the continuous range of C. pulchella ( Fig. 2 ) . Although this species is mentioned to have occurred in northern California and South Dakota ( Lewis and Lewis, 1955 ) , no records could be found based on queries of herbarium databases and online floras of these states.
We defi ned the background extent for the distribution model as the polygon created by the union of 100-km-radius buff ers around each locality point. From this extent, we randomly sampled 3100 (= 10 × 310 locality records) background points. We selected climatic predictor variables from the full Bioclim variable set ( Hijmans et al., 2005 ) based on correlation among predictors across 2000 background points (threshold: Pearson correlation coeffi cient = 0.9) and the performance of each variable in distinguishing between presence and background in univariate GLM models. Ultimately, we used annual mean temperature (bio1), temperature seasonality (bio4), maximum temperature of the warmest month (bio5), minimum temperature of the coldest month (bio6), temperature annual range (bio7), mean temperature of the wettest quarter (bio8), precipitation of the wettest month (bio13), and precipitation seasonality (bio15). Additionally, we included a forest canopy cover layer ( Geospatial Information Authority of Japan et al., 2008 ) and a total green vegetation layer ( Broxton et al., 2014 ) in our model because the occurrence of C. pulchella was associated with canopy gaps in fi eld surveys (M. Bontrager, unpublished data). Our choices of a fairly high correlation threshold, the inclusion of a relatively large number of variables, and a high ratio of background points to presence points refl ect our intention to use the model as a predictor of current occurrence, rather than for interpretation of the relative importance of the variables and their ecological eff ects or for extrapolation ( Merow et al., 2014 ) . We ran the model with MaxEnt default features. Model performance was evaluated by calculating the area under the receiver operating characteristic curve (AUC) across fi ve replicate model runs using a 5-fold cross validation procedure, in which a model is built using subsets of the locality data and the performance of the model is tested on the unused data; this process is repeated with diff erent data partitions. For details about the sensitivity of model performance to changes in background extent, number of background points, and choice of features, see online Appendix S3 (see Supplemental Data with the online version of this article). Suitability scores produced by MaxEnt are bounded by 0 and 1, with scores near 1 representing high suitability. Th e scores used for calculating isolation were at a resolution of 0.0083 ° by 0.0083 ° . Our MaxEnt model performed reasonably well, with an average AUC score of 0.805 from fi ve cross-validation runs; therefore we proceeded with our calculations of population isolation. Our isolation metrics were calculated as 1 − (average suitability of all cells in a 1, 5, or 10 km radius of each point).
Locality-specifi c climate data-We chose to use climate data from ClimateWNA ( Wang et al., 2012 ) for our analyses because annual data are available and because ClimateWNA data use elevation and partial derivative functions to downscale climate data to precise localities rather than averaging across a grid cell. Sitespecifi c data associated with each locality was downloaded across all years of data availability . We then pulled out yearspecifi c values for each record, as well as averages of the 30 preceding years. Th ese data were compiled for two sets of localities: the set of specimens we measured (plant characteristics data set, n = 120) and all available C. pulchella localities including the specimen localities (spatial analyses data set, n = 287, not including fi eld observations because fi eld surveys were concentrated in the northern half of the range). For specimens collected before 1933 ( n = 18 in spatial analyses data set, n = 2 in plant characteristics data set), we did not have 30 yr of data to average, so the averages for these specimens represent the data available. Specimens collected before 1902 or aft er 2012 ( n = 7 in spatial analyses data set, n = 2 in plant characteristics data set) were not used in the climate analyses, but were included in spatial isolation analyses. For each specimen, we calculated the diff erence in each climatic variable between the year of collection and the 30-yr average. For precipitation and the beginning of the frost-free period, we maintained directionality in our deviation variables; a negative precipitation deviation represents less precipitation than average in the year of collection, and a negative beginning of the frost-free period represents an earlier beginning than average. Because we hypothesized that both hot and cold deviations in temperature may negatively aff ect reproductive output, we used the absolute deviation for temperature and degree-days variables. We did not include predictors that were correlated above 0.75 within each timespan group (year of collection, 30-yr average, and deviation from average) in these analyses. Th is resulted in the exclusion of degreedays above 5 ° C (correlated with all temperature measures) and the beginning of the frost-free period (correlated with spring temperatures) from the year of collection and 30-yr average analyses. Some climate variables had to be transformed to obtain normality: year of collection fall precipitation, year of collection spring precipitation, 30-yr average fall precipitation, and 30-yr average spring precipitation values were log-transformed; year of collection summer precipitation, and the deviation from average degree days above 5 ° C and each season's temperature were square-roottransformed; deviation from average spring and summer precipitation was translated so that the minimum value was 1 and then square-root-transformed; and 30-yr average spring precipitation was log and square-root-transformed.
Statistical analyses-We hypothesized that precipitation and average temperature during germination and seedling establishment (September-November), vegetative growth (March-May) and reproduction (June-July) would affect reproductive output ( Fig. 1A ) . We also included the date of the beginning of the frost-free period and the degree-days above 5 ° C in our analyses. We did not examine winter variables since these are likely to affect survival only. We regressed log-transformed reproductive output on the year of collection values for each variable. We also regressed log-transformed reproductive output on deviation from average for each variable (in this case, including degree-days above 5 ° C and the beginning of the frost-free period) to test whether deviation from normal conditions affected reproductive output.
We hypothesized that drought stress due to low precipitation and high average temperature in spring and summer would increase propensity for self-pollination, both via plastic eff ects within year and longer-term selection ( Fig. 1B ) . To test this, we regressed both petal length and herkogamy on climate in the year of collection and the 30-yr average of each climate variable. We also predicted that spatial isolation would be correlated with propensity for selfpollination ( Fig. 1C ) , so we regressed petal length and herkogamy on the suitability-based spatial isolation metric calculated over 1, 5, and 10 km buff ers.
To test whether position within the range predicts degree of isolation, climatic variation, and climatic extremes, we used a simple metric of distance from the center of the range. We defi ned the center as the centroid of the 100-km-buff ered polygon. We measured the distance of each locality from this centroid. While the previous analyses of reproductive output and fl oral traits were performed using only the plant characteristics data set, these analyses were performed with the larger spatial analyses data set. We analyzed the relationship between distance from the range center with each of the following variables: (1) isolation at multiple spatial scales ( Fig. 1D ) , (2) significant climate variables in reproductive output analyses ( Fig. 1E ) , and (3) significant climate variables in the floral traits analyses ( Fig. 1E ) . When a particular variable's deviation from average was a signifi cant predictor in the above analyses, we used the coeffi cient of variation of that variable calculated across years 1902-2012 for each locality. We performed linear regressions using the entire set of localities as well as sets from each geographic quadrant to assess whether northern, southern, eastern, and western edges display similar patterns. Geographic quadrants were designated based on NE-SW and SE-NW diagonals drawn through the centroid. Th e range-wide coeffi cient of variation of summer precipitation could not be transformed appropriately for linear regression, so we present results of the eff ect of range position on this variable from quadrants only.
Finally, we performed a linear regression of reproductive output and fl oral traits (herkogamy and petal length; here we used the plant characteristics data set) with distance from the center of the range ( Fig. 1F, G ) . Additionally, we regressed reproductive output and fl oral traits on distance from the center of the range broken down by geographic quadrant. We only tested these relationships in quadrants where signifi cant climatic predictors of a given plant characteristic were also signifi cantly related to distance from the range center.
RESULTS
Climate and plant reproductive output -An overview of significant results is provided in Fig. 3 . Specimens from sites with high summer precipitation in the year of collection have higher reproductive output ( Table 1 , Fig. 4E ). Similarly, specimens collected in years with higher positive deviations from average summer precipitation in their collection sites have higher reproductive output ( Table 1 ) . Year of collection and deviation from average values for other climatic variables are not related to reproductive output ( Table 1 ) .
Climate, isolation, and fl oral traits -Plants from sites with warmer temperatures in spring (both in the year of collection and on average) and summer (average only) have reduced herkogamy ( Table 2 , Fig. 4B ). Precipitation variables do not predict herkogamy ( Table 2 ). Petal length is not related to any of the year of collection climatic variables or 30-yr averages of climatic variables that we examined ( Table 2 ) . Isolation is not related to either fl oral trait on any spatial scale ( Table 3 ) . 
Variation in climate, isolation, and plant characteristics across
the range -Isolation increases with increasing distance from the center of the range ( Table 4 ) . When broken down by geographic quadrant, isolation increases toward the southern and western range edges at all spatial scales, but not toward northern and eastern range edges ( Table 4 ) .
Signifi cant predictors of reproductive output include year of collection summer precipitation and the associated deviation from average summer precipitation. Th e coeffi cient of variation in summer precipitation decreases with distance from the range center toward the northern range margin and the eastern range margin and increases toward the southern range margin and the western range margin ( Table 5 ) . Year of collection summer precipitation decreases with distance from center toward the western range edge only ( Table 5 , Fig. 4D ).
Signifi cant predictors of fl oral traits include 30-yr averages of spring and summer temperature and year of collection spring temperature. Spring temperatures of both timespans decrease toward range edges across all points ( Table 5 ). When broken down by geographic quadrant, spring temperatures decrease toward northern and eastern range margins ( Table 5 ). Summer temperature increases toward the southern range margin ( Table 5 , Fig. 4A ).
Petal length, herkogamy, and reproductive output are not related to distance from the center of the range (petal length: F 1,118 = 0.0292, P = 0.86; herkogamy: F 1,118 = 0.0460, P = 0.0830; reproductive output: F 1,113 = 2.35, P = 0.128). When broken down by quadrant, only the western quadrant showed signifi cant declines in reproductive output with increasing distance from the center of the range ( Table 6 , Fig. 4F ).
DISCUSSION
In this study, we examined the relationship between climate and reproductive output, as well as the relationship between climate, TABLE 1. Eff ects of climate on reproductive output of Clarkia pulchella across the species' range. Year of collection variables are climatic conditions for each specimen in the year that it was collected. Deviations from average are calculated as the diff erence between the value in the year of collection and the average of the 30 yr preceding the year of collection. For temperature and degree-day variables, all deviations are absolute; however, for precipitation and the beginning of the frost-free period, directionality of deviation was maintained. Log-transformed reproductive output was regressed on each climatic variable. N = 113 for all tests. Signifi cant tests are in boldface. spatial isolation, and mating-system-related floral traits of the annual herb, Clarkia pulchella . Once we determined the important predictors of plant characteristics, we examined the relationship between these predictors and the position of a population in the range and tested whether the characteristics of interest changed in parallel with their climatic predictors. We found that low summer precipitation is related to low reproductive output toward western (and possibly southern) range edges, while high spring and summer temperatures may increase propensity for self-pollination at the southern range margin. On the whole, this suggests that underlying climatic drivers cause spatial patterns in mating-system-related floral traits and reproductive output, but that these patterns may only occur at some range edges. Next, we discuss these results in more detail and their implications for understanding feedbacks between range geography, climate, and mating systems.
Climate variable
Climate, range position, and reproductive fi tness -Th e variable that has the strongest infl uence on reproductive output of Clarkia pulchella is summer precipitation. Th is infl uence is refl ected by the positive eff ects of precipitation in the year of collection ( Fig. 4E ) and positive deviations from average precipitation, which are correlated with each other. Summer precipitation in sites occupied by C. pulchella tends to decrease toward the species' western range margin and may be an important factor limiting reproductive output on that edge ( Fig. 4D, F ) . Similarly, populations toward both the southern and western range edges experience greater interannual variation in precipitation, which may contribute to variance in reproductive output and hence population declines. In contrast, precipitation is unlikely to limit reproductive output at the northern and eastern edges, since populations near those edges do not experience declines in summer precipitation and show signifi cant reductions in interannual variation in summer precipitation when compared with populations near the range center. Our results support the inference that diff erent edges are likely limited by diff erent climatic or even nonclimatic factors.
Although summer precipitation is a signifi cant predictor of reproductive output, and summer precipitation changes with range position, the proportion of variation in reproductive output explained by each of these analyses is low. Th is unexplained variation may be why, with the exception of the west range quadrant, we failed to detect a direct relationship between range position and reproductive output. Th is result highlights the fact that when conducting studies of geographic variation across ranges, it is critical to consider intermediate mechanisms, such as climate, in addition to spatial position. Otherwise, important patterns may be obscured by landscape heterogeneity.
Climate, range position, and floral traits -Greater potential for self-pollination (as suggested by reduced herkogamy) is positively correlated with temperatures in spring and summer ( Fig. 4B ) . High temperatures may increase drought stress, shortening plant lifespans or accelerating fl ower senescence, making self-pollination adaptive ( Mazer et al., 2010 ) . Summer temperature increases toward the southern range margin, indicating that self-pollination may increase toward this margin ( Fig.  4A ) . Low spring temperatures toward the northern and eastern margins are unlikely to promote self-pollination near these edges. The climatic predictors of reduced herkogamy were not correlated with low numbers of reproductive structures, indicating that self-pollination is not likely a result of the inability of individuals to allocate resources to pollinator attraction. A relationship between climate and mating system may not be caused by direct effects of climate on plants, but may be mediated by changes in pollinator abundance along climatic gradients ( Moeller, 2006 ) . In another member of the genus, Clarkia xantiana subsp. xantiana , absence of pollinators contributes to one range edge, and beyond this range edge, a self-pollinating sister species occurs ( Moeller et al., 2012 ) . Th ough fl oral size is indicative of mating system within and among other species in the genus ( Mosquin, 1964 ; Gottlieb and Ford, 1988 ; Runions and Geber, 2000 ) , petal length did not show the same patterns as herkogamy in our analyses. Overall, we may have had greater statistical power to detect relationships with reproductive output than with floral traits due to the latter's lower range of variation relative to measurement precision.
Increasing prevalence of climatic conditions that correlate with self-pollination-related traits near the southern range margin may have genetic repercussions for these populations. Experimental populations of C. pulchella showed that low genetic effective population sizes can reduce fitness and increase population extinction probability ( Newman and Pilson, 1997 ) . It is possible that feedback between the demographic benefi ts of self-pollination and the genetic effects of self-pollination could maintain a stable range boundary at this edge. However, as in our analyses of reproductive output, there is still a large amount of unexplained variation in the relationship between temperature and herkogamy ( Table 2 ) , and between range position and temperature ( Table 5 ). Perhaps because of this unexplained variation, we did not detect a significant relationship between range position and herkogamy in the southern quadrant, although the slope of the nonsignifi cant trend is in the anticipated direction (reduced herkogamy toward range margins; Fig. 4C ).
Isolation, range position, and self-pollination -Isolation, as we have quantifi ed it in this study, increases toward southern and western range margins, consistent with the abundant-center hypothesis. However, isolation is not correlated with propensity for self-pollination. We hypothesized that isolation would promote self-pollination due to limited mate availability. However, on heterogeneous landscapes with high gene fl ow, self-pollination may prevent genetic swamping of local adaptation by gene fl ow from other populations. In that case, self-pollination would be expected to be advantageous in areas with high spatial environmental heterogeneity and high potential for maladaptive gene fl ow, which may be areas of high population density. If this occurs, isolation is likely to have complex eff ects on mating system that diff er from our predictions.
Th e scale at which isolation aff ects mate availability is an important consideration. Our metric, calculated at a 1-10 km scale, is a proxy for the density of populations or patches on the landscape. It is possible that for many species, including C. pulchella , population size and local density within a patch at the scale of meters is important for attracting pollinators and achieving successful pollen transfer. If so, our metric is not likely to have captured fully the relevant scale for selection on mating system. Another potentially important factor not considered here is the community context of pollination. Competition for pollinators may reduce visitation rates in a plant population ( Mitchell et al., 2009 ) and increase selection for self-pollination ( Fishman and Wyatt, 1999 ) . The presence of exotic neighboring plants can reduce pollinator visitation to C. pulchella ( Palladini and Maron, 2013 ) . Alternatively, proximity to other plant species that share pollinators may increase the potential for a community to support pollinators, and this could help overcome Allee aff ects that a plant population might face in the absence of a community ( Johnson et al., 2003 ; Moeller and Geber, 2005 ) . A fi nal consideration with regard to isolation is its temporal scale. Our isolation metric is based on recent climate normals, but if isolation has changed over longer timescales, then the drivers of presentday mating systems may not be captured by our analyses.
Metapopulation dynamics -Alternative predictions for geographic patterns of mating system variation have been derived from metapopulation models. Metapopulation models of geographic distributions are built on underlying gradients of extinction rates, colonization rates, or habitat availability. Some models predict greater rates of population turnover at range edges ( Lennon et al., 1997 ; Holt and Keitt, 2000 ) . Baker (1955) predicted that self-compatible individuals are more likely to establish populations aft er dispersal. If these two predictions are considered together, it is expected that populations on the periphery of a species' range are likely to be founded by self-compatible individuals with floral traits that facilitate self-pollination ( Pannell and Barrett, 1998 ; Brys et al., 2013 ) . If true, these predictions could yield range-wide patterns in mating system similar to those predicted along climatic gradients or gradients of increasing isolation. It is possible that the mechanism driving increasing self-pollination at range edges is not the direct effect of climate on individual plants, but rather the indirect effects of climate mediated by its effect on population turnover. In the case of species' ranges that are not in equilibrium, self-pollination may be prevalent on expanding edges, since populations are likely to be founded by self-compatible (or autonomously self-pollinating) individuals ( Baker, 1955 ; Van Kleunen et al., 2008 ) .
Use of herbarium specimens -Th is study highlights the potential utility of herbarium specimens for the study of within-species variation. Herbarium specimens may offer a greater temporal and spatial range of sampling than field logistics will typically allow. Efforts to add specimen information and images to public databases are very important for improving efficiency and comprehensiveness of research utilizing herbarium data. There are, of course, limitations to the utility of these specimens. They do not allow for the analysis of within-population variation or population means, which are both statistically and biologically important. This limitation likely contributed to the unexplained variance in our analyses. Additionally, the geographic coordinates associated with specimens vary in their reliability and availability. Further, if some populations experience shorter seasons than others, they may have less opportunity to be collected; therefore, specimens from localities with climatic conditions that shorten the flowering season may be underrepresented in herbarium collections. Finally, geographic sampling is likely to be biased toward roads and areas frequented by collectors. Nonrandom sampling of the geographic range may lead to distribution model predictions that model sampling effort rather than suitability.
CONCLUSIONS
Th e results of this study suggest that climate contributes to variation in reproductive output and herkogamy in Clarkia pulchella and that spatial variation in these plant characteristics is consistent with climatically driven range-limitation at some edges. Field studies that consider population size and withinpopulation variation will tell us more about how climate aff ects plant fi tness and mating system, and such studies may be particularly appropriate at the southern and western range edges of C. pulchella . Th ese should be complemented by studies of the mechanism by which temperature affects mating-system-related traits and by studies testing the link between fl oral traits, environmental conditions, and realized rates of self-pollination. Understanding the eff ects of abundance on mating-systemrelated traits requires further consideration of the relevant scale of population isolation, the role of population size and density in shaping selection on mating-system-related traits, and the geographic distribution of population sizes and densities. Future work should also consider the eff ects of climatic conditions and co-fl owering species on pollinator visitation. Reproductive output at the northern and eastern range margins does not appear to be limited by the climatic variables tested here. Future work should consider other factors that may limit the range at these edges, including the eff ects of environmental conditions on life stages other than reproduction, the role of swamping gene fl ow, and dispersal limitation. manuscript. M. Bayly also provided helpful comments and shared code. T. Edwards led a workshop that provided code and guidance for species distribution modeling. E. Fitz provided much appreciated assistance with georeferencing and speci men measurements. Th anks to L. Jennings for herbarium access at the University of British Columbia and to J. Smith for allowing us to use a sample image from the Snake River Plains herbarium at Boise State University. Funding was provided by Natural Sciences and Engineering Re search Council (NSERC) Discovery Grants to A.L.A. and R. Turkington and by a Uni versity of British Columbia graduate fellow ship to M.B.
